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ABSTRACT
We discuss the possibility of performing blind surveys to detect large-scale features
of the universe using 21cm emission. Using instruments with ∼ 5′ − 10′ resolution
currently in the planning stage, it should be possible to detect virialized galaxy clusters
at intermediate redshifts using the combined emission from their constituent galaxies,
as well as less overdense structures, such as proto-clusters and the ‘cosmic web’, at
higher redshifts. Using semi-analytic methods we compute the number of virialized
objects and those at turnaround which might be detected by such surveys. We find
a surprisingly large number of objects might be detected even using small (∼ 5%)
bandwidths and elaborate on some issues pertinent to optimising the design of the
instrument and the survey strategy. The main uncertainty is the fraction of neutral
gas relative to the total dark matter within the object. We discuss this issue in the
context of the observations which are currently available.
1 INTRODUCTION
Emission and absorption of electromagnetic radiation due
to transitions between the hyperfine states of neutral Hy-
drogen (HI) (Field 1958) has had a significant impact on
our understanding of our galaxy and our immediate cos-
mic neighbourhood. At present, however, the highest red-
shift detection of 21cm emission is at z ≈ 0.18 (Zwann et al.
2001) and only very shallow surveys (z < 0.04) of the whole
sky have been performed (Zwann et al. 1997; Kilborn et al.
1999; Ryan-Weber et al. 2002; Lang et al. 2003). In this ar-
ticle we would like to point out that it might soon be pos-
sible to perform blind unbiased searches for large objects,
both virialized and collapsing, using 21cm emission as their
tracer.
It has long been speculated that it might be possi-
ble to detect the onset of the epoch of reionization using
redshifted 21cm emission (Scott & Rees 1990; Madau et al.
1997) and indeed, spurred on by the claim that the reion-
ization epoch might have been at much higher redshifts
(z ≈ 17) than previously thought (Spergel et al. 2003), there
has been much recent work on this subject (Furlanetto et al.
2003; Zaldarriga et al. 2003; Gnedin & Shaver 2003). More-
over, it has also been pointed out that the evolution of the
spin-temperature, TS, prior to reionization might be such
that the large-scale structure can be observed in absorp-
tion against the cosmic microwave background (CMB) at
very low frequencies (∼ 30− 50MHz) enabling accurate de-
termination of a variety of important cosmological param-
eters (Loeb & Zaldarriaga 2003). Our motivation is some-
what different: to map the large-scale structure (LSS) once
it has developed sufficiently for the spin temperature to be
given by the kinetic temperature of the gas ∼ 1000K and
TS ≫ TCMB, that is, using 21cm emission.
For various proposed instruments, our aim is to make
conservative estimates of the number of virialized clusters
that might be found in the range z < 1, and also collapsing
objects with lower overdensities at z > 1. These higher red-
shift objects are the proto-clusters which would have formed
virialized clusters by the present day and in some sense char-
acterize the so called ‘cosmic web’ of LSS observed in cos-
mological N-body simulations. They are likely to be HI rich,
but naively, virialized objects would not necessarily be the
most obvious places to look for neutral gas since the process
of virialization and the creation of the intracluster medium
involves violent gravitational processes which are likely to
strip neutral gas from the constituent galaxies by tidal in-
teractions and ram pressure (Gunn & Gott 1972). However,
by virtue of their large overdensity such objects should still
contain a substantial neutral component, probably larger at
high redshifts than locally, albeit locked up in galaxies. The
fiducial detection threshold that we will discuss in this pa-
per will be ≈ 1011M⊙ of HI, which we will show could be
possible on large patches of the sky; it is worth pointing out
that this would only require a cluster to contain 20 gas-rich
spirals with HI masses ∼ 5×109M⊙. This is likely to be the
case for many clusters.
Most importantly, in the context of this discussion, all
the objects we will consider, both virialized and collapsing,
will have angular diameters ∼ 5′ − 10′ which will match
the resolution of the telescopes and arrays with ∼ 100m
baselines currently being planned to detect redshifted 21cm
emission. This will make them ideal survey targets since they
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would fill the beam, in contrast to ordinary galaxies at the
same redshift whose signal will be substantially diluted and
will most likely be below the confusion limit.
Blind surveys for galaxies and galaxy clusters have been
performed in the optical waveband for many years. The
most recent galaxy redshift surveys (2dFGRS and SDSS)
have yielded significant constraints on cosmological param-
eters via measurements of the power spectrum and red-
shift space distortions, as well as a wealth of understanding
of the properties of the individual galaxies (Peacock 2003;
Tegmark et al. 2003). If deep redshift surveys using HI could
be performed they would open up a new window on the
universe which could have some technical advantages over
optical approaches. In particular, using the flexible spectral
resolution of radio receivers, objects can be selected using
spectroscopic methods rather than, for example, photomet-
rically from optical plates, making them flux limited over
the specific redshift range probed. The structure of the se-
lection function should, therefore, be simple to define. It
should also be possible to deduce the redshift and accurate
line-widths for individual objects allowing one to probe the
underlying mass distribution directly and establish the pre-
cise selection criteria a posteriori. This could overcome some
of the issues of bias inherent in optical surveys. Moreover,
potential confusion with other spectral lines is unlikely in
the radio waveband since there a very few strong lines.
A standard line of argument often put forward is that,
the optical surveys are sensitive to the sum of all the
starlight from the galaxies and could be significantly bi-
ased by the non-linearities involved in the star-formation
process, while the neutral component is of primordial ori-
gin and hence is unbiased. This is unlikely to be completely
true since the neutral component is also involved in these
processes. However, observing the HI component is more
than just another view of the same object. The HI halos
of nearby galaxies extend out very much further than their
optical counter parts, suggesting that the dynamics of the
HI contains extra information.
As with galaxies, the study of clusters has focused on
the central region where diffuse hot gas is situated. This
emits very strongly in the X-ray waveband and can also lead
to fluctuations in the CMB via the Sunyaev-Zeldovich (SZ)
effect. However, typically the core radius of the cluster is
only about 1/10th of linear size of the object and 1/1000th of
the volume. It is likely that the study of these objects using
HI as the tracer will lead to new insights in an analogous way
to galaxies. In particular many of the HI rich spiral galaxies
are likely to be situated away from the core and there is also
a possibility of a component of diffuse HI similar to that
seen around individual galaxies.
At present radio telescopes which are sufficiently sensi-
tive to map the sky quickly enough to be competitive with
optical surveys do not exist. However, the next few years
could see the start of development of instruments which
are many times more powerful in terms of survey speed
than those presently available. The Square Kilometre Ar-
ray (SKA) (see www.skatelescope.org for details) is the
ultimate goal of much technology development currently un-
derway. Although its precise design is still evolving, its pro-
jected specification involves a collecting area of ∼ 106m2,
sub-arcsecond resolution, a large instantaneous field of view
and significant bandwidth in the region where redshifted HI
will be detected. Such an instrument will have the ability to
perform significant galaxy redshift surveys tracing HI over
a wide range of redshifts.
Proto-types are being planned which would be around
1/100th of the full SKA in area. Searches for galaxies at low
redshift, extending those currently being performed, would
be an obvious possibility for such an instrument. Our aim,
here, is to discuss issues related to the design of such an
instrument in the context of a blind survey for large ob-
jects at intermediate and high redshifts such as virialized
galaxy clusters and collapsing proto-clusters which are, as
we have already discussed the ideal targets for these sur-
veys in terms of their size; our conclusion being that the
planned instruments will be sufficiently sensitive to perform
significant surveys.
First, we will discuss different proposed concepts for
such instruments and perform a simple sensitivity calcula-
tion for the limiting HI mass (M limHI ) of a survey assuming a
fixed integration time1. We will then discuss the possibility
of detecting virialized clusters. In order to make the link with
theoretical predictions of the number of dark matter halos,
we need to make some assumption as to the HI content of
individual dark matter halos. This is a very complicated is-
sue and since we are, at this stage, only trying to make rough
estimate of the number of clusters one might find, we will as-
sume that there exists a universal ratio fHI(M, z) =MHI/M
which relates the dark matter mass of a halo, M , to its neu-
tral gas component at a given redshift. This should be a good
approximation in the mass range relevant to clusters, but is
unlikely to be so of smaller masses. We will make various ar-
guments in order to estimate this fraction. At each stage we
will attempt to make conservative assumptions and there-
fore our estimate of the number of objects found in a given
survey should be a lower bound. Under these assumptions
we can then deduce the number of objects that a survey
might find using the results of N-body simulations. We then
discuss some issues related to the design of the instrument,
the survey strategy and confusion due to HI in the field. Fi-
nally, we will adapt our calculations to compute the number
of objects at turnaround and discuss issues relating to their
detection
Throughout this paper, we will assume a cosmological
model which is flat, with the densities of matter and the cos-
mological constant relative to critical given by Ωm = 0.3 and
ΩΛ = 0.7. The Hubble constant used is 72 kmsec
−1Mpc−1
and the power spectrum normalization is assumed to be
σ8 = 0.9. These values are compatible with a range of ob-
servations (Spergel et al. 2003; Contaldi et al. 2003).
2 PROPOSED INSTRUMENTS
A number of different concepts are under discussion which
could make observations in the frequency range 400MHz <
fobs < 1200MHz. The proposed instruments will, in fact,
be sensitive to a much wider range of frequencies (up to
1700MHz), but this is the most sensible range to discuss
1 We note that all integration times discussed in this paper are
‘on-source’ integration times and do not take into account any
practical difficulties required to make the observations. These
could vary significantly for different experimental configurations.
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the detection of large objects since they will be close to,
or completely, unresolved. The design features which are of
interest to us here are the overall collecting area, A, the aper-
ture efficiency, η, the instantaneous bandwidth, ∆finst, the
instantaneous field-of-view (FOV), Ωinst, the longest base-
line, d, and the system noise temperature of the receivers,
T recsys . The overall system temperature, Tsys, at frequency f
can be conservatively estimated by taking into account the
CMB and galactic background
Tsys ≈ T recsys + 2.7K + 10K
(
f
408MHz
)−3
, (1)
in a cold part of the sky.
We will focus on two different concepts which differ in
the way they form the instantaneous field of view. Firstly,
we will consider a conventional interferometer similar to the
Allen Telescope Array (ATA), which comprises nd dishes of
diameter D. In this case Ωinst ∝ (λ/D)2 and A = pindD2/4
where λ ∝ 1/fobs. The current design of the ATA has
nd ≈ 350, D = 6.1m and it is likely that η ≈ 0.6, d ≈ 400m
and ∆finst/fobs ≈ 0.05. The FOV is set by the size of the
individual telescopes and the synthesized beam size is set
by the longest baseline. Such a configuration would have a
synthesized beam with θFWHM = 3.2
′ at fobs = 1000MHz
and a corresponding instantaneous FOV of 13.4 deg2. Note
that throughout we assume a circular aperture, that is,
θFWHM = 1.22λ/d, which should be a reasonable approx-
imation.
The other competing concept which we will consider is
that of a phased array which could potentially have a much
larger field of view; the idea being to use very low cost an-
tennae, arranged in np patches of size P , and form nb indi-
vidual beams using off-the-shelf computer hardware. Hence,
Ωinst ∝ nb(λ/d)2 6 (λ/P )2 and A = pinpP 2/4 assuming
that the patches are circular, from which we can deduce
that d >
√
nbP . Such a concept could have more than one
instantaneous FOV, possibly allowing for more continuous
usage for HI studies. Three possible scenarios for such an
instrument are presented in table 1. These range from con-
servative, setup I, to speculative, setup III. We should note
that for P ≈ 4m, none of the above configurations come close
to saturating the inequality on P . The value of nb should be
taken as being a guide figure since extra computing power
could increase this close to the maximum FOV set by P .
The standard formula (Roberts 1975) relating the HI
mass,MHI, and the observed flux density, S, integrated over
a velocity width, ∆v, in an FRW universe is given by
MHI
M⊙
=
2.35 × 105
1 + z
(
dL
Mpc
)2(
S∆v
Jy kmsec−1
)
, (2)
where dL(z) is the luminosity distance to redshift z. For a
fiducial velocity width of ∆v ≈ 800 km sec−1 assumed at this
stage to be independent of the mass, an object containing
1011M⊙ of HI will have S800 ≈ 4, 14, 42, 150, 840µJy at
fobs = 400, 600, 800, 1000, 1200MHz corresponding to z =
2.55, 1.37, 0.78, 0.42, 0.18 respectively.
Assuming that the clusters are unresolved, which will
be a good approximation at least for the phased array con-
figurations at intermediate and high redshift (see fig. 1 for
virialized objects), then the rate at which one can survey
the sky over the instantaneous bandwidth is quantified by
I II III
A/m2 5000 10000 15000
∆finst/fobs 0.02 0.05 0.10
d/m 150 250 350
nb 1000 2000 4000
T recsys /K 40 30 20
θFWHM 8.4
′ 5.0′ 3.6′
Ωinst/deg
2 22.2 15.9 16.3
M ≈ 5 ≈ 60 ≈ 550
Table 1. Three possible sets of design parameters for a phased ar-
ray. Included also are θFWHM and Ωinst at fobs = 1000MHz, and
the figure of merit M relative to configuration described in the
text. In each case we will assume that η ≈ 0.8. This value, which
is slightly larger than that conventionally assumed for parabolic
dishes, should be possible for these arrays since they are much
closer to the ground.
Figure 1. The angular diameter size (twice the virial radius) of
virialized objects with Mvir = 10
15M⊙, 1014M⊙ and 1013M⊙
(solid lines, top to bottom respectively). Included also is the es-
timated beam size for the three different phased array configura-
tions (dashed lines, I top, II middle, III bottom). Only the closest
and largest objects will be resolved by the instruments discussed
in this paper.
R800 = 2Tsys
ηA
√
∆fobjΩinst
, (3)
where ∆fobj is the frequency interval corresponding to ∆v.
The noise, Sσ, attainable for a survey with angular coverage,
∆Ω, in integration time, t, is given by Sσ = R800
√
∆Ω/t.
This line of argument should also yield important informa-
tion even when the object is resolved. Projected values for
R800 are presented in table 2 for the ATA and the dif-
ferent phased array setups using fobs = 400 − 1200MHz
along with the integration time required to achieve a 5σ
detection (S800 > 5Sσ) of M
lim
HI ≈ 1011M⊙ of HI in
∆v ≈ 800 kmsec−1 on 100 deg2. Note that in reality the
angular coverage of a given survey is likely to be an inte-
ger multiple of the instantaneous FOV. However, this way
of presenting the sensitivity makes it possible to compare
experiments with different FOVs in a coherent way.
c© 2003 RAS, MNRAS 000, 1–10
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fobs/MHz ATA I II III
400 1.80 2.98 1.43 0.73
500 1.74 3.01 1.41 0.69
600 1.78 3.14 1.45 0.69
700 1.85 3.31 1.51 0.71
R800 800 1.93 3.48 1.59 0.74
900 2.02 3.66 1.67 0.78
1000 2.11 3.84 1.74 0.81
1100 2.20 4.01 1.82 0.84
1200 2.29 4.18 1.89 0.88
400 4480 12000 2830 730
500 1335 4000 875 200
600 460 1445 300 70
700 165 535 110 25
t800 800 60 190 40 8.8
900 20 64 13 2.8
1000 5.7 19 3.9 0.9
1100 1.4 4.5 0.9 0.2
1200 0.2 0.7 0.15 0.03
Table 2. Approximate survey sensitivity R800 for fobs = 400 −
1200MHz in units of mJy sec1/2 deg−1 for the ATA and the
phase array setups I, II and III. Also presented is the integration
time t800 in days required to achieve a 5σ detection threshold of
M lim
HI
= 1011M⊙ on 100 deg
2 and ∆v = 800 km sec−1.
3 DETECTING GALAXY CLUSTERS
3.1 HI content of galaxy clusters
As is almost always the case, the observed quantity MHI
is not theoretically well understood. It is possible to make
accurate predictions as to the clustering of dark matter,
but the evolution of the gas is much more difficult to pre-
dict. Therefore, we will introduce the empirical quantity
fHI(M, z) which we will define to be fraction of the HI
in a dark matter halo of mass M at redshift z. We antic-
ipate that this quantity is likely have a substantive scatter
σ2HI = 〈f2HI〉 − f2HI, but we shall assume this is zero since
estimating it would be futile due to the small number of the
observations available at present, and any scatter is likely
to increase the number of objects that are found in a given
survey assuming that the mean value is correct. This is be-
cause there are typically many more objects just below the
mass limit than above it. We will first present a simple order
of magnitude estimate for fHI and then go on to discuss the
current status of observations.
One can estimate the fraction of HI in clusters, fclustHI ,
from that in a typical galaxy, by taking into account differ-
ent mass to luminosity ratios, M/L, of typical clusters and
galaxies, and the fact that only spiral galaxies are HI rich.
If fspiral is the fraction of spiral galaxies in a typical cluster
then
fclustHI ∼ fspiral (M/L)
gal
(M/L)clust
fgalHI . (4)
By considering the average properties of galax-
ies (Roberts & Haynes 1994), the value of fgalHI is observed
to be ∼ 0.06 for a typical spiral galaxy at z ≈ 0. The value
M/L of such object is likely to be ∼ 8, whereas that for
a typical cluster is ∼ 240. It is believed that the value of
fspiral ∼ 0.5, making fclustHI ∼ 10−3.
Another approach is to compute the value of fHI for
Figure 2. The number of dark matter halos with mass greater
than Mrmvir per deg
2 per 1% bandwidth. The dotted line is for
fobs = 1200MHz, the solid line is for 1000MHz, the short dashed
line for 800MHz, the dot-dashed line for 600MHz and the long
dashed line for 400MHz. Note that there is between 1 and 0.1
halo with Mrmvir ≈ 1014M⊙ for fobs > 600MHz.
a cluster by summing up the measured values of MHI for
the constituent galaxies and computing their line of sight
velocity dispersion, σ, and hence their virial mass Mvir =
3piσ2RH/(2G), where RH is the mean harmonic radius and
G is the gravitational constant. We should note that this is
likely to under-estimate fHI since it ignores the many gas-
rich dwarf galaxies which are below the detection threshold
of any survey. Moreover, it also ignores, as does the order of
magnitude estimate above, the possibility that there exists
a diffuse component of HI such as the tidal plumes of HI
observed in galaxy groups (Appleton et al. 1981).
The HI content of the Virgo galaxy cluster is the best
studied (Hutchmeier & Richter 1986), but it is well known
that this object is not completely relaxed; it being comprised
of three interacting sub-clusters, and so the computed value
of fHI is likely to be an unreliable statistical indicator of
the global value. Studies of the HI content of other clusters
are much less detailed. The Abell cluster A3128 has been
surveyed for HI (Chengalur et al. 2001). By co-adding the
HI at the position of galaxies brighter than an r-magnitude
of 16.2, a total HI mass of 1.3× 1011M⊙ was detected. Mvir
for this cluster is ≈ 1.5×1014M⊙ estimated from the velocity
dispersion and the angular distribution of the galaxies at
an assumed distance of 240Mpc. For the detected galaxies
MHI/Mvir ≈ 0.9×10−3, compatible with our earlier order of
magnitude estimate. A recent sensitive multi-beam study of
Centaurus A group has been made (Banks et al. 1999) and
this survey was able to detect HI in galaxies over a wide
range of luminosities and, therefore, includes at least part
of the dwarf galaxy contribution. For this groupMHI/Mvir ≈
1.1× 10−3.
Many different arguments suggest that fHI should in-
crease with redshift. HI is the basic fuel for star formation
and it is believed that for an individual object M˙⋆ ∝ MHI.
Since the global star formation rate is known to grow ap-
proximately linearly with redshift to a maximum about five
c© 2003 RAS, MNRAS 000, 1–10
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Figure 3. The same quantity as plotted in fig. 2 but this time
against fobs for Mvir = 3× 10
12M⊙ (long-dashed line), 1013M⊙
(dotted line), 3×1013M⊙ (short-dashed line), 1014M⊙ (solid line)
and 3× 1014M⊙ (dot-dashed line).
times the local value at z ≈ 2 − 3, it seems likely that
fgalHI (M, z ∼ 1) ≈ 5 × fgalHI (M, z ∼ 0); an effect which may
be even stronger within clusters. A related, but logically
distinct fact is the observation that high redshift clusters
contain a larger fraction of blue galaxies when compared
to local ones (Butcher & Oemler 1984) and also that they
contain a larger fraction of spirals and a reduced number of
S0s (Dressler et al. 1997). Both these observed facts suggest
that fspiral also increases with z. Hence, using the estimate
(4) it seems sensible to deduce that using the locally ob-
served fclustHI is likely to be an under-estimate by a factor of
a few.
Various estimates of ΩHI appear in the literature and
these can be used to gain some further insight into the is-
sues under consideration here. By making observations of
damped Lyman-α systems in an average redshift range of
〈z〉 ≈ 2.4 the CORALS project (Ellison et al. 2001) esti-
mate that ΩHI ≈ 2.6 × 10−3. Using the fiducial value of
Ωm, one can deduce a value of fHI ≈ 8 × 10−3 for the
field at this epoch corresponding to a density of ρHI ≈
3.6×108M⊙Mpc−3. Using the recently published data from
the HIPASS survey it has been deduced (Zwann et al. 2003)
that for z < 0.04 the value of ΩHI is much lower, ΩHI ≈
3.8×10−4 from which one can deduce that fHI ≈ 1.2×10−3
and ρHI ≈ 5.3 × 107M⊙Mpc−3. Remarkably this is approx-
imately a factor 6-7 smaller than the estimated value at
z = 2.4 and is clearly compatible with our earlier remarks
concerning the global star formation rate. Moreover, the es-
timated value at z ≈ 0 is very close to the value we have
discussed in the context of clusters. This would tend to sug-
gest that the value of fHI is only marginally lower in clusters
(say 20−30%) than in the field. Since the clusters are a sub-
stantial (∼ 100) overdensity in the dark matter they should
be clearly observable in HI with an appropriate sized tele-
scope.
3.2 Number of virialized dark matter halos
Since we are only trying to compute a lower bound on the
number of objects found in a given survey, it is reasonable
to assume a value of fHI ≈ 10−3 constant over the range
of masses we are considering and independent of redshift. If
M limHI ≈ 1011M⊙ as discussed earlier for the various planned
surveys, thenMlim ≈ 1014M⊙ for the dark matter and hence
by computing the number of objects greater than this limit
will give an estimate of the number of objects likely to be
found in a survey.
Now, let us compute the number of objects with mass
greater than some limiting massMlim between z−∆z/2 and
z +∆z/2 in a solid angle ∆Ω,
N(M > Mlim) = ∆z∆Ω
dV
dz dΩ
∫
∞
Mlim
dn
dM
dM , (5)
where
∆z = (1 + z)dv = (1 + z)∆finst/fobs , (6)
is assumed to be small, dV/(dz dΩ) is the comoving volume
element and dn/dM is the comoving number density of ob-
jects.
We will use an expression for the comoving number den-
sity which is derived from numerical simulations carried out
by the VIRGO consortium (Evrard et al. 2002)
dn
dM
(z,M) = −0.22ρm(t0)
MσM
dσM
dM
exp{−|A(z,m)|3.86} , (7)
where A(z,M) = 0.73 − log[D(z)σM ], ρm(t0) is the matter
density at the present day, σM is the overdensity in a viri-
alized region of mass M and D(z) is the normalized growth
factor. Here, the mass is defined to beM200, that inside a re-
gion with an approximately spherical overdensity ∆c = 200.
This can be related to the virial mass, Mvir if we assume an
NFW function for the cluster profile (Navarro et al. 1997).
In all the subsequent discussion we have made this correc-
tion using a concentration parameter of c = 5, in which case
that from M200 to Mvir is typically very small.
In Fig. 2, we plot N(M > Mlim) per deg
2 per 1%
bandwidth against Mvir for five different redshifts (z=2.55,
1.37, 0.78, 0.42, 0.18) corresponding to frequencies fobs =
400MHz, 600MHz, 800MHz, 1000MHz and 1200MHz re-
spectively. We see that there are ∼ 0.5 dark matter ha-
los with Mvir ≈ 1014M⊙ per deg2 per 1% bandwidth for
600MHz < fobs < 1200MHz. There are very few objects
with Mvir > 2 × 1013M⊙ for fobs = 400MHz. Larger ob-
jects with Mvir ≈ 3 × 1014M⊙ are much more rare for
fobs = 600MHz, but for higher frequencies there would still
be many objects above this limiting mass. Using the fidu-
cial value of Mlim = 10
14M⊙ at fobs = 1000MHz, by re-
ferring back to table 2, we see that it would be possible to
cover 10000 deg2 in ≈ 400 days using setup II. Such a sur-
vey would find ≈ 15000 objects above this mass limit since
there are ≈ 0.3 objects per deg2 per 1% bandwidth. We note
that a similar survey would take only 90 days with setup
III and there would be twice as many objects found since
it has a larger bandwidth. For the same integration time
one could cover only about 1000 deg2 at fobs = 800MHz
and would find ≈ 1000 objects with with setup II. At
fobs = 1200MHz one would be able to cover more area,
but there are less objects objects since the comoving vol-
c© 2003 RAS, MNRAS 000, 1–10
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Figure 4. The power law n such that (N/1deg2) ∝ M−n
vir
. Un-
der the assumption that fHI is independent of Mvir the optimal
strategy is when n = 5/3. The lines are labelled as in fig. 2.
ume is decreasing, and things are likely to be somewhat
more complicated since 1014M⊙ objects would be resolved
at this frequency. Much less area could be covered to the
same depth at fobs = 600MHz and as we will discuss it
might be that such objects are difficult to detect against the
background since the beamsize increases with decreasing fre-
quency. Clearly, there is no point in searching for virialized
objects at fobs = 400MHz.
We have also computed the same quantity as a func-
tion of fobs in fig. 3 for different values of Mlim. We see that
there are very few virialized objects accessible to observa-
tions with fobs < 600MHz again suggesting that surveys
which are intending to search for such objects are unlikely
to find anything significant for z > 1.4. However, we also see
that for the fiducial value of Mlim ≈ 1014M⊙ which we have
been using, there are a wide range of frequencies for which
one will find more than one object per 10 deg2 in a 1% band-
width. Many smaller objects (Mvir ≈ 3×1012M⊙−1013M⊙)
are accessible at lower frequencies due to the evolution of
structure.
3.3 Optimal design and survey strategy
One can attempt to gain some understanding of the optimal
design of an instrument and survey strategy by substituting
into (5) for ∆Ω from (3), for ∆z from (6), and using Sσ∆v ∝
MHI/d
2
L. One finds that N ∝ tM(M2HI/∆v) where
M∝ η
2A2Ωinst∆finst
T 2sys
, (8)
can be thought of as the instrumental figure of merit which
clearly has sensible dependences on the relevant parame-
ters. This effectively quantifies how many objects one would
find in a survey ignoring any potential systematics. Alterna-
tively, the integration time required to find a fixed number
of objects is ∝ M−1. It is clear that similar arguments can
be made for a galaxy redshift survey and this would, there-
fore, also apply to the SKA and other similar instruments.
This formula should also yield important information when
applied to surveys for other kinds of objects.
The value of M ≈ 27 for the ATA configuration dis-
cussed earlier and its value is presented in table 1 for the
phased arrays. This figure of merit has been normalized to
the theoretical sensitivity of the Parkes multi-beam (PM)
receiver (Barnes et al. 2001), although we note that this
instrument can only observe in a narrow frequency range
around 21cm. We have also computed this quantity for the
Lovell Telescope multi-beam receiver and the Green Bank
Telescope (single beam); they are M ≈ 0.34 and 0.21 re-
spectively. Note that we have used the frequency indepen-
dent T recsys to compute this quantity.
We see that the setup I is about a factor of 5 more
powerful than the PM, while both the presented ATA con-
figuration and setup II improve on this substantially. Setup
III is more than 500 times more powerful than the PM.
For a phased array configuration Ωinst ∝ nbd−2 and hence
M ∝ ηF = A/d2 which represents the filling factor of the
array. It is clear that, at least for unresolved detections and
ignoring the issue of confusion, which we will discuss below,
a totally filled array (ηF = 1) will perform the best in terms
of having the largest number of objects above the detec-
tion threshold. This is because an array with ηF ≪ 1 has
a much lower sensitivity to surface brightness temperature,
than one with ηF ∼ 1. Such an array would be likely to have
poor resolution particularly at low frequencies and would,
therefore, make it difficult to make any sub-selection within
the sample to cut down on systematics. It is possible that
low resolution arrays could also suffer from confusion related
issues (see below).
Assuming a virialized halo ∆v ∝ σ ∝M1/3vir (σ is the ve-
locity dispersion of the object) and if fHI is independent of
Mvir, then the multiplicative factor M
2
HI/∆v ∝M5/3vir . Since
the integral in (5) is a decaying function of Mvir with nega-
tive power law n ≡ n(Mvir), the optimal observing strategy
would be to set the noise so that Mlim is that for which
n = 5/3, that is Mlim ≈ 2× 1014M⊙, 1014M⊙, 4× 1013M⊙,
1.5× 1013M⊙ and 1012M⊙ for fobs = 1200MHz, 1000MHz,
800MHz, 600MHz and 400MHz respectively, this being a
simple consequence of the evolution of structure. We have
presented this power law n = −d(logN)/d(logM) as a func-
tion of Mvir in fig. 4. We see that under these assumptions
Mlim ≈ 1014M⊙ should be close to the optimal mass limit
for fobs = 1000MHz and that lower limits, requiring deeper
surveys and hence less angular coverage for a fixed integra-
tion time, are needed to be optimal at lower frequencies.
We should caution that this is heavily predicated on the
assumption that fHI is independent of M which we have al-
ready argued is unlikely to be the case and this would have
to be taken into account before relying on such a calculation
to set the depth of an actual observational strategy. If fHI
decreases with M then this would mean one should perform
a deeper survey than one would if it were independent ofM .
Suffice to say, if one has some idea as to the dependence of
fHI on M , the method would remain the same, but with a
different value of n.
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Figure 5. An attempt to estimate the confusion noise as function
of the limiting HI mass of a survey, M lim
HI
. The solid line is a
representation of the thermal noise: when the other curves are
below it the confusion noise is less than the contribution due to
thermal noise. The dotted line is for z = 0.42 which corresponds
to fobs = 1000MHz with fHI = 10
−3 for all M . The equivalent
curve for z = 1.37 (fobs = 600MHz) is the short dashed line. The
dashed-dotted line (z = 0.42) and the long dashed line (z = 1.37)
are those given by using fHI from (10). The values of θFWHM are
those used for setup II.
3.4 Confusion noise
Observations using spectral lines are not typically effected
by issues of confusion as can often be the case for contin-
uum sources. However, in the current situation we are deal-
ing with very large amounts of HI and very large beams.
One has, therefore, to be careful to avoid making the beam
size so large that a typical beam contains an amount of HI
comparable to the detection threshold. This becomes more
and more important as one makes deeper and deeper sur-
veys, particularly at high redshift. As we shall see this is
very sensitive to the small scale distribution of HI, but in
order to make a simple estimate let us note that the comov-
ing volume enclosed by a beam of 10′ and a velocity width
of 800 km sec−1 at z ≈ 1 is ∼ 1000Mpc3. Since the comov-
ing matter density is ≈ 4× 1010M⊙Mpc−3, this means that
a typical beam volume contains about 4 × 1013M⊙ of dark
matter and using our estimate for fHI, about 4×1010M⊙ of
HI. Clearly this mitigates our earlier assertion that ηF ≈ 1
would be the best situation for unresolved detections. Mak-
ing θFWHM sufficiently small as to avoid this issue is clearly
another important design criterion.
An interferometer or phased array would not, in fact,
be sensitive to this smooth mass distribution, but rather to
the fluctuations in it, which are typically smaller. Therefore,
the discussion above yields an over-estimate of the possible
effects of confusion. The clusters have overdensities of ∼ 100
in the dark matter and we have already pointed out that,
so far as current observations can tell, the value of fHI in
the field is only marginally larger than that in a cluster, for
example, in A3128. Even if the overdensity in HI were to
be diluted to only ∼ 20, one should not have any problem
in picking them out from the background with a telescope
whose beam is approximately the same size as the object.
Velocity structure can only help in this respect. The problem
is that for a given telescope the resolution degrades very
rapidly as redshift increases. Hence, if a telescope were to
be ideally suited to detection of clusters at z ≈ 0.5 then by
z ≈ 1 this would lead to a dilution of the overdensity by
factor of ∼ 4.
One can make an estimate of the rms fluctuation in the
mass in a volume defined by the beam area and the velocity
width ∆v = 800 km sec−1 by computing
〈M2HI〉 = ∆z∆Ω dVdz dΩ
∫
∞
Mlim
[fHI(M, z)]
2M2
dn
dM
dM , (9)
where ∆z = (1+z)dv = (1+z)fobj/fobs is the velocity width
of the object and ∆Ω ∝ θ2FWHM is the beam area. We see
that in order to estimate the confusion noise 〈M2HI〉1/2 one
needs to know fHI(M, z) for all M at the particular redshift
in question, that is, we need to extrapolate our argument for
fHI down to the galactic scale and below, which is beyond
the scope of this paper. We present the results for an exper-
imental configuration similar to setup II, that is, z ≈ 0.42
(θFWHM ≈ 5′) and z ≈ 1.37 (θFWHM ≈ 8.4′) using the fixed
value of fHI ≈ 10−3 in fig. 5, along with some attempt to
interpolate between fHI ≈ 10−2 expected for lower mass
objects and that which we have argued applies to larger ob-
jects, fHI ≈ 10−3. We do this in an ad hoc way using the
function
fHI(M, z) =
10−3(M/M⊙) + 10
12
(M/M⊙) + 1014
, (10)
to gain some insight into what the possible effects could be.
We stress that we are not claiming that this expression has
any physical origin, apart from the fact that it models the
correct kind of behaviour. For M ≫ 1010M⊙ this function
yields fHI ≈ 10−3 and for M ≪ 1010M⊙, it yields fHI =
10−2. We note that in such a model the overall HI content
of the universe is larger than in one with the fixed value of
fHI = 10
−3.
We see that even when using (10) observations for setup
II at fobs = 1000MHz, one would have a confusion noise
which is much lower than the thermal noise mass limit if
M limHI > 2×1010M⊙. Using the constant value of fHI = 10−3
the restriction is even weaker. Therefore, we can conclude
that the confusion noise would be very much lower than the
thermal noise value for the fiducial value ofM limHI = 10
11M⊙
used throughout this paper. As one might expect things are
more restrictive at fobs = 600MHz. For the fixed value of
fHI one would be restricted toM
lim
HI > 3×1010M⊙ and if (10)
were to be true the confusion noise would be comparable to
the thermal noise at M limHI = 10
11M⊙. One would be more
likely to be effected by confusion noise for setup I due its
large beam and less for setup III and the ATA since they
have smaller beams.
4 DETECTING PROTO-CLUSTERS
4.1 Number of dark matter halos at turnaround
The majority of our discussion to date has focused on the
possibility of detecting virialized objects. However, we have
noted that such objects are likely to have had their HI
content depleted relative to the field by at least 20 − 30%
c© 2003 RAS, MNRAS 000, 1–10
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during the process of virialization. It should also be pos-
sible to detect objects which are just beginning collapse,
at turnaround, when they are just decoupling from the
Hubble flow. This could be more efficient at high redshift
where there are likely to be very few virialized objects with
Mvir > 10
14M⊙ and virialized objects could become con-
fused if the beam is too large. At turnaround ∆c ≈ 5 and by
virtue of the fact that virialization has not yet taken place,
it should be possible to use, with some confidence, the value
of fHI for the field at that time. Assuming a linear rate of
star formation between z = 0 and z = 2.4, one can deduce
that
ffieldHI (z) ≈ (1.2 + 2.8z) × 10−3 , (11)
for the field.
Moreover it is possible that the velocity dispersion of
such objects is much less than the fiducial value of ∆v =
800 kmsec−1 used in the earlier parts of the paper for viri-
alized objects. If this is so, the signal to noise for a fixed
integration time on a source would increase. This is because
the signal is ∝ (∆v)−1 for a fixed HI mass and the noise
is ∝ (∆v)−1/2. The typical value of ∆v for such a object
is unknown. Formally, the point of turnaround is defined to
be that when the average velocity is zero, but the velocity
dispersion need not be so. It will be governed by that of
the virialized objects within the region which are in the pro-
cess of merging to build up the cluster. In the subsequent
discussion we will allow for ∆v to be a modelling parame-
ter, but it is worth discussing various possible values that it
might take. If the object at turnaround just comprises of two
large objects which are collapsing together then the value of
∆v will be close to the fiducial value of 800 km sec−1. It is
possible that such an object contains 1014M⊙ of dark mat-
ter and is comprised of ∼ 100 smaller galactic-scale objects
in the process of infall with masses of ∼ 1012M⊙. In this
case ∆v ∼ 100− 200 kmsec−1. Or it could be that there are
many more smaller objects with, say, ∆v ∼ 20−50 kmsec−1.
These possibilities are worth remembering in the subsequent
discussion.
We should note that the collapsing objects at z ≈
1 − 2 are the proto-clusters which would have virialized
by z ≈ 0.5 − 1. If Rta, is the radius of the object at
turnaround then the radius of that object once it has
virialized is given by Rvir = Rta/2 assuming a com-
pletely matter-dominated universe (Partridge & Peebles
1967; Gunn & Gott 1972). Corrections can be made to in-
clude a cosmological constant (Lahav et al. 1991) and also
dark energy (Wang & Steinhardt 1998; Battye & Weller
2003). Similar relations can be derived relating the time
at turnaround tta and that at virialization tvir = 2tta,
and the corresponding redshifts, 1 + zta = 2
2/3(1 + zvir).
Liddle & Lyth (2000) give a detailed exposition of this
model.
The formula (7) applies to objects with an overden-
sity, ∆c = 200. If one assumes an NFW profile function for
the objects with c = 5, one can show that M200 ≈ M5/2;
this relation is approximately true for a wide range of con-
centration parameters. Taking the fiducial value of M limHI =
1011M⊙ and fHI ≈ 5 × 10−3 for fobs = 600MHz, we see
that M lim5 ≈ 2 × 1013M⊙ and the corresponding value of
M200 ≈ 1013M⊙ which can be used in conjunction with
figs. 2, 3 and 4 to deduce the number of collapsing objects
Figure 6. The angular diameter size (twice the radius) of ob-
jects which are at turnaround with M5 = 1014M⊙, 1013M⊙ and
1012M⊙ (solid lines, top to bottom respectively). Included also
is the estimated beam size for the three different phased array
configurations (dashed lines, I top, II middle, III bottom). Note
that the angular size of the collapsing objects are much larger
than the objects of the same virial mass at the same redshift.
that would be found in a given survey, if one ignores the
smaller correction from M200 to Mvir. We see that there are
≈ 20 objects of this size per deg2 per 1% bandwidth. For
fobs = 400MHz the value of fHI is higher and hence there
are about the same number of objects; the increase in fHI off-
setting the smaller number of objects for a given Mvir. With
this large number of objects and the large beams likely at
this observing frequency, one might think that one would be
close to confusion limited (∼ 1 object per beam area), but
the extra information provided by the velocity information
should help avoid this possibility.
Given the larger value of fHI likely for objects which
have not virialized, it might be sensible to also consider the
possibility of M limHI = 10
12M⊙, for which the corresponding
values of M lim5 and M
lim
200 are 10 times larger. We see that
there are still numerous objects (∼ 0.1 per deg2 per 1%
bandwidth) of this size for fobs = 600MHz, although there
are markedly less for lower values of fobs even taking into
account the larger value of fHI. Achieving this larger limiting
mass at 600MHz should be possible in a fraction of the time
required for 1011M⊙.
We should note that at any given redshift the objects
at turnaround will be larger than those which are virialized,
but have the same overall mass. Fig. 6 shows the angular di-
ameter size of object with a variety of masses at turnaround.
We see that these objects are larger than virialized objects
of the same mass at the same redshift. At the high redshifts
we are considering here, the objects still have a angular di-
ameter less than 5′ and hence they are likely to unresolved
by the instruments under discussion. At lower redshifts such
objects would be resolved and it should be more efficient to
detect virialized objects.
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4.2 Detection related issues
We can adapt the earlier sensitivity calculation to an arbi-
trary value of ∆v and M limHI . In particular one can compute
the R∆v, S∆v and t∆v from R800, S800 and t800. We see that
the survey rate is given by
R∆v = R800
(
800 kmsec−1
∆v
)1/2
. (12)
For an HI mass of M limHI the required flux density is
S∆v = S800
(
800 km sec−1
∆v
)(
M limHI
1011M⊙
)
, (13)
and the actual integration time required to achieve a 5σ
detection of such an object on an area 100 deg2 is
t∆v = t800
(
∆v
800 km sec−1
)(
1011M⊙
M limHI
)2
. (14)
If we assume that ∆v = 100 kmsec−1 then we see that
it would be possible to cover close to 260 deg2 in a day of in-
tegration M limHI = 10
12M⊙ using setup II at fobs = 600MHz.
Since there are ≈ 0.15 objects per deg2 per 1% bandwidth
above the corresponding mass limit then one would hope to
find around 200 collapsing objects. It would take around 10
times as long to do a similar survey at fobs = 400MHz and
one would find approximately 10 times fewer objects taking
into account the larger value of fHI and the very much re-
duced number of objects with a given mass. Nonetheless,
∼ 20 objects in 10 days of integration time is definitely
worthwhile.
Neither of the above survey parameters are optimal. If
we assume that ∆v is either weakly dependent onM5 or not
at all, then the optimal mass limit would correspond to the
value of M200 for which n = 2 in contrast to the virialized
case. Assuming thatM200 ≈ Mvir, we see from fig. 4 that the
optimal values of M200 are 3× 1013M⊙ and 2× 1012M⊙ for
fobs = 600MHz and 400MHz respectively. The correspond-
ing HI mass limits areM limHI = 3×1011M⊙ and 3×1010M⊙.
For fobs = 600MHz, it would require 4.3 days of integration
time to achieve this optimum depth on 100 deg2. There are
≈ 2.3 objects per deg2 per 1% bandwidth and hence such a
survey would find ≈ 1150 objects (which is more than the
≈ 860 that would be found by mapping 1110 deg2 in 4.3
days with a limit of 1012M⊙ as suggested above).
5 CONCLUSIONS
To summarise, we have shown that instruments likely to be
built within the next few years have a realistic chance of
detecting large objects, both virialized and collapsing, using
HI emission as their tracer opening a new window on the
universe. If a detection threshold of M limHI ≈ 1011M⊙ can be
achieved at around z ≈ 0.4 then it should be possible to find
a surprizingly large number of virialised objects. Similarly,
it should be possible to detect many objects at turnaround
with z > 1. We have also made comments as to the optimal
design of an instrument and the survey strategy for these
applications. Clearly, more sophisticated simulations of the
large-scale distribution of HI are required, but we believe
that the basic picture we have put forward is likely to re-
main.
It is clear that the detection of the large number of ob-
jects, both virialized and collapsing, predicted in this paper
could have a significant impact on our understanding of the
universe. In the regime where one can optimally detect viri-
alized clusters (z < 1) it should be possible, using the extra
velocity information, to accurately compute the dark matter
mass of each of the objects which are detected and establish
the selection function. Since the number of virialized objects
is sensitive to cosmological parameters, accurate estimates
of Ωm and σ8 should be possible. Moreover, the properties of
the dark energy may also be accessible to such an analysis.
The nature of the collapsing structures for (z > 1) is also of
significant interest. We have used all the available informa-
tion to make estimates of the number of objects which would
be found. However, we have also noted that these are some-
what uncertain, particularly the velocity structure. Clearly
the detection of a large number of objects will have a signif-
icant impact on our understanding of the distribution of HI
at high redshifts and the on-going process galaxy formation.
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